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Extreme ultraviolet~EUV! interferometry has been used to characterize and align a recently
fabricated, 43 reduction, four-mirror, aspheric optical system designed for EUV lithography. This
system is called the Engineering Test Stand Set-1 Optic. An EUV phase-shifting point diffraction
interferometer constructed on an undulator beamline at the Advanced Light Source was used to
perform high-accuracy wavefront measurements during several alignment iterations. For each
iteration, the alignment algorithm used 35 wavefront measurements recorded across the
26-mm-wide image-side ring field. Adjustments were made to systematically reduce the root mean
square wavefront error magnitude to approximately 1 nm, bringing the system to nearly
diffraction-limited performance. ©2000 American Vacuum Society.@S0734-211X~00!05106-4#
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I. INTRODUCTION

A growing number of all-reflective, multilayer-coated o
tical systems have been fabricated for use in the developm
of extreme ultraviolet~EUV! lithographic technologies.1–5

Operating near 13 nm wavelength, these systems are
cally composed of multiple spherical and aspherical mirr
fabricated and aligned to operate with subnanometer sys
wavefront tolerances. Reflective multilayer coatings are
posited, often with a graded thickness profile, across the
ror surfaces to ensure well-controlled, high EUV reflectiv
for a range of ray angles within a large field of view.

The assembly and alignment of these optical systems
volves several steps. First, visible-light interferometry6 is
used during the fabrication of the individual mirrors, whic
are typically made from low-thermal-expansion-mater
substrates. EUV reflectometry7,8 is used during the coating
process to test the quality and profile of the multilayer co
ings. The individual mirrors are mounted in a supporti
frame and prealigned to mechanical tolerances. System-l
visible-light interferometry is used to align the system and
set the positions of the conjugate planes relative to fi
sensors on the optical housing. Finally, EUV interferome
is used to verify, and if necessary, correct the alignme
EUV interferometry as a final step also serves to validate
collective performance of all the other supporting metro
gies.

At-wavelength EUV metrology is essential to the dev
opment of diffraction-limited optical systems for EUV lith
ography. Probing the resonant reflective surfaces with E
light at the operational wavelength reveals subtle yet imp

a!Electronic mail: KAGoldberg@lbl.gov
b!Also at: Center for X-Ray Optics, Lawrence Berkeley National Laborato

Berkeley, California 94720.
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tant coating effects, where potential problems could oth
wise be hidden. The multilayer coatings, which typica
consist of 40 molybdenum–silicon bilayer pairs, have peri
or d-spacing, thicknesses in the range of 6–7 nm.9 Small
variations in the multilayer period and/or the presence
surface contaminants can have a significant impact on
intensity and the phase of reflected EUV light, yet these
fects evade simple detection with visible light.4 At-
wavelength inspection of an optical system can also be c
figured for in situ flare measurements,10 and for the
investigation of chromatic effects, including both throughp
and chromatic aberrations.11

Where sufficient coherent EUV power is available,12 the
phase-shifting point diffraction interferometer~PS/PDI! has
emerged as the design of choice for at-wavelength testin
diffraction-limited EUV optical systems. With operatin
wavelengths near 13 nm, angstrom-scale wavefront meas
ment accuracy and precision are required. The PS/PDI of
demonstrated root mean square~rms! wavefront measuring
accuracy beyondlEUV/300, or 0.04 nm.13,14

Operating at the Advanced Light Source~ALS! synchro-
tron radiation facility at Lawrence Berkeley National Lab
ratory ~LBNL !. PS/PDI interferometry has been used in t
measurement and alignment of several small-field EUV 13
Schwarzschild objectives.15 Independent verification of the
interferometer’s accuracy and its utility in correctly predic
ing imaging performance has come from ongoing lith
graphic exposure experiments conducted at Sandia Nati
Laboratories~SNL!.2

A new branchline of the ALS undulator source was co
structed specifically for at-wavelength testing of the proje
tion optics for the Engineering Test Stand~ETS!.16 The ETS
is now being constructed at SNL. The first of two projecti
optical systems is called the ‘‘ETS Set-1 Optics,’’ also pr

,
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2912 Goldberg et al. : EUV alignment and testing of a four-mirror ring field 2912
viously, the ‘‘Projection Optics Box.’’ The system is a fou
mirror ring-field EUV optical system, designed to operate
13.4 nm wavelength with 0.1 numerical aperture~NA! and
43 demagnification.

The ETS Set-1 optic was produced by the Virtual N
tional Laboratory in collaboration with the EUV Limited Li
ability Company~LLC!. It was assembled at Lawrence Liv
ermore National Laboratory and aligned initially usin
visible-light interferometry16,17 before transportation to
LBNL. Visible-light interferometry was performed within
vacuum chamber in a temperature-controlled clean-room
vironment. At LBNL the optic was installed in a simila
vacuum chamber held at a matching temperature. In
measurements provide data on the stability of the opt
housing, the robustness of the system to withstand trans
tation, and on the relative agreement between visible-li
and EUV interferometries.

II. CONFIGURATION OF THE EUV
INTERFEROMETER FOR ETS SET-1 OPTICS
MEASUREMENT

The PS/PDI interferometer was constructed to evalu
the system wavefront at arbitrary positions across the fiel
view. Measurements of the field-dependent optical per
mance, across the large ring-field imaging area, provide fe
back for the alignment of the individual mirror elemen
enabling optimal imaging quality to be achieved. A mo
complete description of the interferometer and its opera
has been provided in prior publications.18–20

The PS/PDI design has only a few critical optical comp
nents. A photograph of the ETS Set-1 optic and a schem
of the interferometer configuration are shown in Fig. 1. A

FIG. 1. ~Left ! Photograph of the four-mirror ETS Set-1 optic.~Right! Sche-
matic of the experimental system showing the critical optical componen
the illumination prefocusing system and the interferometer. The object
image stages rotate and translate together with the test optic; all are att
to a rigid frame mounted to a planar bearing stage within a large vac
chamber. The grating-beamsplitter stage and the CCD camera remain
as the rest of the system moves.
J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov ÕDec 2000
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of the components exist in a vacuum environment with
base pressure of 1027 Torr; a partial pressure of 1025 Torr of
oxygen gas is introduced as a preemptive contamina
mitigation measure. Within the vacuum chamber, a synch
tron beam from an undulator source illuminates the obj
~reticle! side of the test optic from above in a manner th
reproduces the way in which the optic is designed to be us
Kirkpatrick–Baez prefocusing optics and a 45° multilaye
coated turning mirror together focus the beamline radiat
into a nominally 5mm spot in the object plane of the te
optic.

A small pinhole in the object~reticle! plane ~the object
pinhole! produces coherent, spherical-wave illumination
the test optic, filling the pupil of the optical system with
divergence angle significantly larger than the input NA of t
system. A grating beamsplitter placed between the ob
pinhole and the test optic creates a series of overlapp
coherent beams that are focused in the image~wafer! plane.
Each of the beams from the grating acquires the aberrat
of the test optic via transmission through the optical syste
In the image plane where the multiple beams form separa
foci displaced by several microns, a patterned, opaque
transparent mask selects two adjacent beams; all other be
are blocked. One of the two beams, thetest beam, is passed
through a relatively large open window in the mask a
propagates on to reach an EUV charge coupled de
~CCD! camera. The second beam is focused onto a pinh
~the reference pinhole! smaller than the diffraction-limited
resolution of the test optic, thereby producing a spheri
reference beam. The two beams overlap at the CCD whe
their interference pattern is recorded. Analysis of the int
ferogram reveals the path length difference between the
beam and the spherical reference, and hence contains
wavefront aberrations of the test optic.

To collect one set of wavefront data, point-by-point wav
front measurements were recorded across the ring-sh
field of view by rotating the entire optical system and t
conjugate-plane stages together as one unit beneath the

of
d

hed
m
ed

FIG. 2. The rms wavefront error magnitudes measured at 35 positions w
the field of view are shown separately for each of three system meas
ments. Error magnitudes are based on reconstructions from the firs
Zernike polynomial terms. Between the measurement series, the mirro
the test optic were adjusted to reduce the field-weighted rms wavef
error. The black points in the uppermost plot show the positions at which
measurements were made. The minimum and maximum measured w
front error magnitudes are shown below each plot.
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tionary illuminating beam. The grating is only slightly larg
than the beam diameter where the beam passes throug
except for small translations associated with phase shift
the grating position remains fixed. The CCD camera posit
is also fixed, facing upward. As the test optic is translat
the beam footprint on the CCD moves by several millim
ters, yet the CCD is positioned close enough that the be
does not extend beyond the edges of the 1-sq-in. active a

Similar arrays of pinholes are placed in the object pla
and ~with an appropriate 43 reduction in size! the image
plane. The pinhole arrays are fabricated with electron be
lithography at LBNL’s Nanowriter facility.21 Wafers con-
taining the pinhole arrays are mounted to stages that m
with the optical system. With the image-plane pinho
aligned to match the conjugate positions of the object p
holes, the image-plane pinhole array need only be moved
a few microns, for fine alignment, during the measurem
series. While it is true that only one object pinhole and o
image pinhole are necessary to perform a measurement
given field point, the object- and image-plane pinhole arr
were designed with a high degree of redundancy and a l
number of available pinholes. A range of pinhole sizes he
to guarantee that pinholes of optimal size~once that size is
determined! are available for use within each field point. Th
pinhole arrays also contain various alignment features
help to establish unambiguously the beam’s position wit
the array.

To facilitate alignment of the illuminating beam throug
the object pinholes, the grating stage contains a photod
that can be inserted or removed from the light path. T
CCD camera provides similar feedback for light pass
through pinholes on the image side.

III. PO BOX MEASUREMENT AND ALIGNMENT

Four complete sets of EUV PS/PDI measurements w
performed over a six week time period. The initial measu
ment was made at the ambient laboratory temperature
24.5 °C, before a thermal stabilization system was activa
The subsequent three measurements were made at 2
60.02 °C, within 0.05° of the design operating temperat
of 20.5 °C. Using an alignment algorithm developed for bo
EUV and visible-light interferometry,22 small mirror adjust-
ments were made to reduce the field-weighted rms wavef
error.

The initial measurements showed that the optical sys
maintained its alignment very well during transportati
from Livermore to Berkeley and installation in the EUV in
terferometer. Some of the wavefront discrepancy may be
tributable to a failed micrometer used to set the longitudi
position of the object stage. In addition to distortion~which
was not measured at-wavelength!, longitudinal displacemen
of the conjugate planes can introduce wavefront astigmat

A. Measurement procedure

The same measurement procedure is followed at e
measurement position within the field of view. Initially, th
optical system and the accompanying stages are rotated
JVST B - Microelectronics and Nanometer Structures
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translated to bring the downward-propagating illuminati
beam through an object pinhole at a desired measurem
position in the field of view. Appropriate object pinholes a
nominally 250 nm in diameter. The grating beamsplitt
which can be completely removed for alignment purpos
typically remains installed during the entire set of field-po
measurements. The image stage is translated both late
and longitudinally to bring one of the focused diffracte
beams through an image-plane window. From there, the
age stage is translated to bring an adjacent reference pin
into the beam for interferometry. Typical reference pinho
sizes used were on the order of 80 nm in diameter.

The pinholes in both conjugate planes are arrayed i
regular pattern containing a number of nominally identic
pinholes to choose from. To identify and reduce poten
systematic and random errors, five or more individual wa

FIG. 3. The individual Zernike coefficient magnitudes of the most signific
wavefront aberrations components, shown for each of the three mea
ment series. Notice that the alignment causes a significant reduction in a
matism. The other aberration components are much less sensitive to
mirror tilts and displacements, and are thus largely unaffected by the a
ment.
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FIG. 4. Wavefront phase maps measured at 35 points across the field of view.~Left ! Shown are reconstructions from 37 term Zernike polynomial fitting a
the rms magnitude of the wavefront error in nanometers. Gray levels represent steps of 0.75 nm.~Right! Wavefronts and their associated rms magnitudes~in
nm! are shown with higher spatial frequency content than is contained within 37 term Zernike polynomial reconstructions. Gray levels represent st1.0
nm.
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front measurements are typically combined to produc
single result. With each successive iteration of the sys
alignment procedure, a new corresponding pair of object
image pinholes was used.

Because the beam footprint rotates and translates ac
the fixed position of the CCD, and hence the fixed grid
pixels that define the initial measurement coordinates, i
necessary to track the motion of the projected pupil and
corporate the moving coordinate system in the wavefr
analysis.

Once the relative alignment of the pinhole arrays in
conjugate planes had been well established, wavefront m
surement at 35 field points required about 6 h to perform.
The individual-frame exposure times varied from 20 to 3
depending on the electron current in the synchrotron stor
ring.

B. Wavefront improvement through at-wavelength
alignment

Figure 2 shows the rms wavefront-error magnitude at
points across the field of view, based on reconstructions f
a 37 term Zernike polynomial fit. The measureme
dependentpiston, tilt , and defocusterms have been sub
tracted from the reconstructions. Measurement uncerta
for the individual rms wavefront error magnitudes is belo
0.1 nm for all measurements. Uncertainty magnitudes for
individual Zernike polynomial coefficients, based on r
peated uncorrelated measurements and separate system
racy characterizations, are estimated to be below 0.1
Values between the measured points are determined by
dimensional interpolation.

Each of the adjustments performed during the alignm
iterations was successful in reducing the field-weigh
wavefront error magnitude. Within each iteration, adju
J. Vac. Sci. Technol. B, Vol. 18, No. 6, Nov ÕDec 2000
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ments were made to the tilt and longitudinal positions of
mirrors, and to the positions of the conjugate planes—
other degrees of freedom were held fixed. Owing to the lim
tations of rigid body motion for aberration compensatio
these adjustments primarily affected the wavefront astigm
tism, and to a much lesser degree, coma. Other, hig
ordered wavefront aberrations, such as spherical aberra
and trifoil, or triangular astigmatism, were largely unaffect
by the adjustments. After two alignment adjustments,
field-weighted rms wavefront error was reduced to the po
where no further improvements could be made.

Figure 3 shows the rms astigmatism, coma, spherical
erration, and trifoil magnitudes within each of the alignme
iterations. Notice the significant reduction in astigmatis
from the first to the final measurements; the other aberra
components remain nearly constant. Once again, values
tween the measured field point positions are interpola
The set of 35 wavefront phase maps recorded after the
alignment iteration is shown in Fig. 4. Figure 4 wavefron
on the left are based on 37 term Zernike polynomial rec
structions; Fig. 4 wavefronts on the right are generated fr
the same data yet contain the available midspatial-freque
content measured by the PS/PDI.

IV. CONCLUSION

In addition to the efficacy of the alignment method, t
measurements reveal both the stability of the optical s
tem’s housing and the high degree of repeatability of
interferometer. Series of wavefront measurements recor
across the field of view were used to reduce the fie
weighted rms wavefront error in two iterations. Small adju
ments in the mirror positions and tilt angles were able
significantly reduce the wavefront astigmatism until no fu
ther improvement was possible. While the system meas
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2915 Goldberg et al. : EUV alignment and testing of a four-mirror ring field 2915
ments were performed over a six week period, a single m
surement series could be performed in approximately 6

Detailed comparison of the EUV and visible-light wav
front measurements of this optical system is the subject
separate article in these proceedings.23 The comparisons
show very good wavefront agreement, particularly for t
midspatial-frequency wavefront features, with some as-
unresolved small discrepancies in the low-spatial-freque
wavefront components.
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